Abstract-Topographic effects on canopy reflectance play a pivotal role in the retrieval of surface biophysical variables over rugged terrain. In this paper, we proposed a new canopy anisotropic reflectance model for discrete forests, Geometric Optical and Mutual Shadowing and Scattering-fromArbitrarily-Inclined-Leaves model coupled with Topography (GOSAILT), which considers the effects of slope, aspect, geotropic nature of tree growth, multiple scattering, and diffuse skylight. GOSAILT-simulated areal proportions of four scene components (i.e., sunlit crown, shaded crown, sunlit background, and shaded background) were evaluated using the Geomet- Index Terms-Canopy reflectance, diffuse skylight (SKYL), geometric optical (GO), radiative transfer (RT), sloped surface.
Reflectance factor of sunlit crown for direct solar radiation.
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Reflectance factor of sunlit background for direct solar radiation T s
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Reflectance factor of shaded crown for diffuse irradiance.
Z d
Reflectance factor of shaded background for diffuse irradiance.
Model Output ρ Canopy reflectance. (For details of canopy structural and geometric parameters, refer to [6] , and for canopy optical parameters, refer to [22] .)
I. INTRODUCTION
C ANOPY reflectance is a powerful proxy to understand and exploit canopy biophysical variables from remote sensing observations [1] . Complex terrain is a welldocumented factor that significantly influences remote sensing canopy signals. These influences can be summarized into two aspects [2] - [5] : 1) the local illumination-canopysensor geometry, which changes the crown shadows (i.e., crown cast shadow and mutual shadow among crowns) for discontinuous canopies (e.g., cropland and sparse forest) [6] , [7] and the path length within continuous canopies (e.g., grassland and dense forest) [8] - [10] and 2) the fraction of direct and diffuse radiation received by a target surface. Topography regulates direct solar radiation through local illumination geometry changes, reduces diffuse skylight (SKYL), and increases reflected terrain irradiance from adjacent slopes through topographic obstructions [5] . Particularly, diffuse components occupy up to 100% of the global radiation for shaded slopes and 40% for sunlit slopes under high solar zenith angles [11] , [12] . A maximum of 60% relative bias in canopy reflectance will occur if the above-mentioned topographic effects are neglected [13] . Therefore, accurate pixelwise topography information is expected to be coupled with the canopy reflectance models to characterize the canopy BRDF/BRF [14] under direct illumination conditions and the canopy HDRF under diffuse illumination conditions.
Over the last several decades, several physical forest canopy reflectance models over sloped surfaces have been developed, including GO models [6] , [13] , RT models [8] - [10] , and hybrid models [15] , [16] . In areas with complex topography, a rotation transformation from horizontal surface to local terrain is frequently used in RT (e.g., the PLC model [8] ) and GO (e.g., the GOMST model [6] ) models to improve their performances. For GO models, the geotropic nature of tree growth is frequently neglected, and their component reflectance factors are usually treated with the Lambertian properties and in situ measurements [17] or inferred from remote sensing images [18] . These assumptions limit their accuracy in practical applications. To accurately capture the anisotropic reflectance of realistic forest canopies with 3-D architecture, hybrid models are widely used because they share the strengths of GO models in terms of single scattering from geometric effects and the strengths of RT models in terms of multiple scattering and diffuse scattering from SKYL [19] - [21] . The current hybrid canopy reflectance models have been developed along two parallel lines: one starts from the framework of an RT model and incorporates the geometric crown clumping effects to solve local accumulations of leaves, such as the SLCT model [4] , [22] . The SLCT model performs well under both direct and diffuse illuminations, but it neglects the geotropic growth of trees (i.e., forest stands grow vertically regardless of terrain conditions), which affects the areal proportion estimations of scene components and then results in uncertainties in the retrieval of surface reflectance and albedo. The other models are initiated from GO theory and improved by RT methods to characterize the component reflectance factors (e.g., GORT model [19] , [20] and four-scale GOST model [13] , [23] ). For example, GOST incorporates the four-scale GO model and the photon recollision probability RT theory. GOST acknowledges the geotropic growth of trees and successfully simulates the canopy reflectance for direct illumination, but it ignores the diffuse irradiance illumination over shaded slopes. Therefore, a comprehensive and accurate hybrid canopy reflectance model accounting for topographic effects remains a great challenge.
For the global-scale surface BRDF/albedo generation, linear semiempirical kernel-driven models are used instead of physical canopy reflectance models due to their good performances and relative simplicity with few parameters [24] , [25] . These models are usually simplified from physical reflectance models. Particularly, the volumetric scattering and GO surface scattering kernels are extracted from RT and GO models, respectively. However, current kernel-driven models focus on the horizontal surface reflectance under clear sky conditions. As they consider diffuse irradiance effects, hybrid models are promising for kernel derivations. However, due to the complex calculations of the component areal proportions, current hybrid models, such as SLCT and GOST, are far from deriving the GO surface scattering kernel functions. From this aspect, a hybrid canopy reflectance model suitable for varying topography and atmospheric illumination conditions is desired for the developments of the kernel-driven reflectance models.
The objective of this paper is to develop a hybrid canopy anisotropic reflectance model that aims to extend the Li-Strahler GOMS model [26] , one of the most representative GO models, to sloped surface by characterizing the photon scattering process within the canopy and background system. The GOMS model is selected since it successfully establishes the relationship between forest structural characteristics (e.g., crown size, crown height, and crown coverage) and canopy reflectance, particularly for the single approximation from 3-D macroscopic crown geometric effects. The simplified kernels from the GOMS model are widely used (e.g., the LiSparse-Reciprocal kernel in the MODIS operational algorithm) to generate the global BRDF/albedo products [25] .
In this paper, we propose an extended GOSAILT hybrid model for discrete forest canopy. The geotropic nature of tree growth is incorporated to accurately estimate the component areal proportions, and the SAILT [4] , [22] is used to characterize the scene component reflectance factors. To evaluate the performance of GOSAILT, the DART (see [15] ) model simulations and the WIDAS airborne observations were used as reference values. The results of the physical GOMST GO model and the GOST and SLCT hybrid models were also compared with the results of GOSAILT to illustrate its improvements in acknowledging the geotropic nature of tree growth and diffuse illumination, respectively.
II. MODEL DEVELOPMENT

A. Model Framework
According to GO theory, the forest canopy reflectance is modeled as the sum of the reflectance of individual components weighted by their areas within the pixel [6] , [26] 
where ρ is the canopy reflectance, K C , K G , K T , and K Z represent the areal proportions of the sunlit crown, the sunlit background, the shaded crown, and the shaded background, respectively, and C, G, T , and Z are the reflectance factors of these four scene components. Thus, the derivation of areal proportions of scene components and parameterization of component reflectance factors are the two key steps for the GOSAILT model. GOSAILT considers that trees grow vertically over a sloped surface. The component areal proportions in the model are improved by considering the slope, the aspect, and the geotropic growth of trees [27] . For the component reflectance factors, SAILT is used to provide the crown optical properties (e.g., crown reflectance and crown transmittance) under both direct and diffuse illumination conditions. The multiple scattering effect with discrete crown gaps [28] is also coupled in this model. The component reflectance factors under realistic conditions are expressed as
where the subscripts s and d stand for direct and diffuse illuminations, respectively, and f is the fraction of the diffuse irradiance.
B. Areal Proportions of Scene Components Over Sloped Surfaces
According to the GOMS model derivation [6] , [26] , the elongated spheroidal tree crowns are assumed in GOSAILT. The shared parts in scene component proportions between GOMS [6] , [19] and GOSAILT are given in the Appendix. Two processes, including the crown shape transformation [A1-A3, Fig. 1 However, as the sloped scene is rotated to a horizontal surface, the effective crown density λ and the effective height to crown center h decrease due to the geotropic growth of trees. They are
where λ and h are the crown density and the crown height over the horizontal coordinates, respectively. Thus, the areal proportions of scene components [26] , [29] can be rewritten as follows:
C. Parameterizations of Scene Component Reflectance Factors
SLC provides an effective treatment for photon scattering under direct solar radiation and diffuse SKYL [22] and is an advanced SAIL model for discrete forest canopies. GOSAILT adopts the scattering scheme of SLC for isotropic diffuse SKYL with two components (i.e., the diffuse sunlit crown and the diffuse sunlit background) in this case. For direct solar radiation, a similar four-component reflectance factor scheme with different calculations of component areal ratios to SLC is adopted. Specifically, GOSAILT emphasizes: 1) the geotropic growth of trees [8] , which affects the component areal proportions and keeps the leaf scattering properties unchanged relative to the horizontal surface; 2) the canopy gap (within-and between-crown gaps) and the canopy openness for discrete forest [28] are utilized to describe the possibility of photon transmittance through crowns; and 3) the direct solar radiation is multiplied by solar irradiance and local illumination geometry, and the diffuse SKYL is reduced by a sky view factor that is estimated as ((1 + cos α)/2) [4] Fig . 2 shows the radiation contributions of the four scene components. Under direct solar illumination, the radiation of the sunlit crown includes four parts [see Fig. 2 (a)]: 1) single scattering ρ sos from the crown without background interactions (①); 2) multiple scattering ρ sod from the crown without background interactions (②); 3) photons transmitted through within-crown gaps (③ and ④); and 4) photons transmitted through between-crown gaps (⑤ and ⑥). The last two terms are initiated from (τ ss +τ sd )(1− P gap )+ P gap . Here, τ ss and τ sd are the direct and diffuse transmittance of the canopy element, respectively, and P gap is the canopy gap. The reflectance factor of the sunlit crown C s is expressed as 
where p(L) is the probability of a photon passing through path length L and k is the extinction coefficient. Similarly, the radiation of the shaded crown [see Fig. 2 (b)] is assumed to be composed by: 1) multiple scattering (reflectance ρ sod , ②) from the crown without background interactions; 2) photons transmitted through within-crown gaps (③ and ④); and 3) photons transmitted through betweencrown gaps (⑤ and ⑥). The reflectance factor of the shaded crown T s is expressed as
The radiation of the sunlit background [see Fig. 2 (c)] is assumed to include two terms: 1) single scattering r soil from the sunlit background (⑤) and 2) multiple scattering between the background and the canopy crown (④ and ⑥) initiated from (τ ss +τ sd )(1− P gap )+ P gap . With time interactions between the canopy crown and the background n(n ≥ 1), the probability of photons reaching the sensor from the background is expressed as [(τ ss +τ sd ) ( 
Then, the reflectance factor of the sunlit background G s is modeled as
The radiation of the shaded background includes two parts [see Fig. 2(d) ]: 1) single scattering from the shaded background (③) initiated by the photons directly transmitted through the canopy (τ ss + τ sd )(1 − P gap )r soil and 2) multiple scattering between the background and the canopy crown (④ and ⑥). The reflectance factor of the shaded background Z s is modeled as
Regarding the diffuse SKYL, the isotropic irradiance assumption is adopted in GOSAILT as in SLC [21] . We retain four components with the same formats as those in direct illumination although only two components exist in this case. The radiation of the diffuse sunlit crown includes three terms (see Fig. 2 ): 1) single scattering ρ dos from the crown (①); 2) multiple scattering ρ dod from the crown (②); and 3) multiple interactions between the canopy and the background (③-⑥)
The radiation of the diffuse sunlit background includes two terms [see Fig. 2 (c)]: 1) photons transmitted through the crown to the background and bounced back to the sensor (③ and ④) and 2) photons directly transmitted from the sky to the background and bounced back to the sensor (⑤ and ⑥)
III. DATA SETS
A. Simulated Multiangular Reflectance of Forest Over Sloped Surfaces
The evaluation of canopy reflectance models over sloped surfaces remains a great challenge as in situ observations are scarce. In this paper, the simulations of the comprehensive 3-D DART model [15] were used as reference values. The canopy reflectances of three discrete forests (sparse, medium, and dense) over sloped surfaces were simulated. These forest scenes have an area of 100 m × 100 m with 50, 59, and 78 uniformly and randomly positioned spherical crowns, respectively. The crown radii were 4, 5, and 5 m, respectively. Therefore, the vegetation fractional covers were 25.13%, 46.34%, and 61.26%, respectively. The LAIs of the three simulated forestry scenes were 1.0, 1.9, and 2.5, which ensured the identical crown area indexes (4.0). The mean leaf diameter was 0.2 m. The solar zenith angle increased from 0°to 60°with a step of 10. The solar azimuth angle was 0°t o reduce simulation time. The slope ranged from 0°to 60°w ith a step of 30°, and the aspect increased from 0°to 180°a t an increment of 30°. The diffuse SKYL proportions were specified in [0.0, 1.0] with a step of 0.2. Red and near-infrared (NIR) reflectances along the solar PP and the cross solar PP were simulated simultaneously. In total, 12,348 simulations at each band were conducted. The leaf reflectance and transmittance and the background reflectance similar to those in the RAMI3 experiment [30] were used (see Table I ). The nadir and perspective views of the simulated forest scenes are shown in Fig. 3 .
In addition, the results of three physical canopy reflectance models were compared. The models are GOST, SLCT, and GOMST. The leaf and the background optical parameters in Table I were used in GOST and SLCT. For GOMST, the leaf reflectance was used as a substitute for sunlit crown reflectance, and the other component reflectance factors were the same as those in GOSAILT. As the diffuse SKYL effect is neglected in both GOST and GOMST, only the SLCT-simulated surface HDRFs were compared with GOSAILT.
B. Airborne WIDAS Multiangular Observations
To further validate GOSAILT, the airborne WIDAS multiangular observations over the Dayekou watershed (DYK, 38°2 6 13-38°34 26 N, 100°13 10-100°18 52 E) in Southeast China were used as reference values. These data sets were acquired on May 31, 2008 during the WATER campaign [31] . The DYK watershed encompasses a heterogeneous mountainous landscape with an altitude ranging from 1600 to 3800 m, a mean slope of 30°, and dominated by the Picea crassifolia (Qinghai spruce) forest stands.
WIDAS uses four CCD cameras to acquire visible/NIR images (centered at 550, 650, 700, and 750 nm). WIDAS has a 1.2 m spatial resolution at nadir and a 60°field of view [32] . Six observations at different view angles (between forward 30°a nd backward 30°) can be extracted from sequential images. As GOSAILT outputs slope reflectance, the WIDAS apparent reflectance was corrected by the BRATC model [33] with in situ water vapor and aerosol optical depth from the MODIS aerosol product (MOD04). The ASTER GDEM data set was downloaded from the U.S. Geological Survey to provide terrain parameters. The multiangular observations of four Picea crassifoliaforest stands with 50 × 50 pixels (60 m × 60 m) were extracted from two northeastern (slopes A and B) slopes, one southern (slope C) slope, and one western (slope D) slope (see Fig. 4 ). Several canopy structural parameters were measured in 16 sample plots of 25 m × 25 m during the WATER experiment. A traversal algorithm with the prior knowledge in [34] was used to estimate the other parameters (e.g., crown density, LAI, and background reflectance) through the comparisons between the GOSAILT simulation at point A and the WIDAS observation. These parameters were also applied to the other three points due to the same vegetation species. Table II lists the canopy structural and optical parameters.
IV. RESULTS AND ANALYSIS
A. Areal Proportion Analysis of GOSAILT
As GOST considers the geotropic growth of trees, it can accurately simulate component areal proportions over a sloped surface [13] . Thus, GOST is used to validate GOSAILT simulations that adopt the canopy optical and structural parameters of a sparse forest canopy (see Table I ) to calculate the areal proportions of four scene components. The slopes (0°-60°with a 10°step) face toward the sun that is located at a 30°zenith angle. The results that are under the horizon (i.e., global view zenith angle ≥ 90°) or obscured by the topography (i.e., local view zenith angle ≥ 90°) are set to zero.
As shown in Fig. 5(a), (b) , (e), and (f), the GOSAILTsimulated sunlit (K G ) and shaded (K Z ) backgrounds along the PP show close agreements with those simulated by GOST, which indicates the ability of GOSAILT to accurately capture the background areal proportions. Since no shadow can be observed along the hotspot direction, K G and K Z reach their maximum and minimum values, respectively, in this direction. As shown in Fig. 5(a) and (b) , aside from the large view zenith angles in the forward-scattering direction, K G increases with the slope, which leads to similar K G value at a 20°view zenith angle in the backward-scattering direction among different slopes [13] .
As illustrated in Fig. 5 (c) and (d), the areal proportions of the simulated sunlit crown K C at the nadir view direction are identical among the different slopes due to the same nadir crown projections. However, some differences in K C between GOSAILT and GOST are shown. Specifically, an obvious hotspot effect is captured by GOST, whereas this phenomenon is not exhibited in GOSAILT. This bias is explained by the fact that GOSAILT neglects the within-canopy gaps [23] , and its mutual shadowing factor that is shared with the GOMS model in (A9) is approximate [6] . Moreover, as shown in Fig. 5(c), (d) , (g), and (h), the GOSAILT-simulated K C is slightly larger than that from the GOST simulation. However, the shaded crown K T values in GOSAILT are smaller than those simulated by GOST, especially in the backwardscattering direction. Fig. 6 exhibits the BRF comparisons between GOSAILT and GOST, SLCT, and GOMST over horizontal (0°), medium (30°), and steep (60°) northern slopes. The solar zenith and solar azimuth angles are 30°and 0°, respectively. All simulations were restricted to those global and local view zenith angles less than 70°. Although the trees grew on the sloped surface, similar reflectance patterns, such as those over Comparisons among canopy reflectance models over a medium slope (30°) with three aspects. the horizontal surface, were shown, i.e., canopy reflectances in the red and NIR bands reach a local peak when the observation coincides with the solar direction regardless of terrain conditions, and reflectances decrease as the observation alleviates from the solar direction. However, the magnitudes and the shapes of canopy reflectance vary with topography. Compared with the horizontal surface, the absolute (relative) variations in canopy reflectance over a steep slope (60°) can be up to 0.048 (79.60%) and 0.056 (12.02%) in the red band and NIR band, respectively.
B. Comparison With Typical Canopy Reflectance Models for Sloped Surfaces
As shown in Fig. 6 , all reflectances simulated by the analytical canopy reflectance models over a horizontal surface are consistent with the DART references, especially for GOSAILT and SLCT because they are very similar in component reflectance characterizations. However, as the slope increases, the divergences among the different analytical canopy reflectance models become more pronounced. For the steep slope [see Fig. 6 (c) and (f)], SLCT tends to underestimate red reflectance and overestimates NIR reflectance, except at the large view zenith angles. This result is because SLCT assumes that trees grow perpendicular to the sloped surface, which leads to an underestimated background areal proportion and an overestimated crown areal proportion. GOMST exhibits a similar reflectance pattern as SLCT in the red band, but it seems to underestimate NIR reflectance because it uses the leaf reflectance as substitute for the sunlit crown reflectance. GOSAILT is highly consistent with DART simulations, as shown in Fig. 6 . The hotspot reflectance, a key parameter in canopy biophysical variable retrievals [35] , is accurately captured by GOSAILT. However, some slightly overestimations were observed in GOSAILT at large view zenith angles in the backward-scattering direction because its overestimated crown areal proportions [see Fig. 5(c) ]. Compared with the DART references, GOST shows systematic overestimations in both red and NIR reflectances. This result may occur because GOST uses a fixed relationship between photon collision probability and LAI [23] . Fig. 7 demonstrates the reflectance comparisons over a medium slope (30°) with three aspects (northern, western, and southern). As the slope orientation transitions from north to west and south, the effects of terrain on the shapes of the canopy reflectance become remarkable, especially in the backward-scattering direction [see Fig. 7(c) and (f) ]. Fig. 8 shows the BRF comparisons over a steep slope (60°) under three solar zenith angles (0°, 30°, and 60°). Similar to the cases in Fig. 6 , SLCT underestimates red reflectance and overestimates NIR reflectance because it neglects the geotropic growth of trees. GOMST underestimates both red and NIR reflectances. GOST simulations are overestimated in both red and NIR bands. The GOSAILT simulations are consistent with the DART simulations. The canopy reflectance comparisons over a steep slope (60°) with different fractional vegetation covers are illustrated in Fig. 9 . As the fractional vegetation cover increases, the differences between analytical models and DART increase because these models are unable to handle the larger number of nonoverlapping objects [36] . Fig. 10 shows the scatterplots of the canopy reflectances simulated by GOST, GOSAILT, SLCT, and GOMST compared with the DART simulations. The statistical results are shown in Table III . For the red band, the GOSAILTsimulated reflectances are very close to the DART simulations as the fit curve approaches the 1:1 line with a slope of 1.1560, an RMSE of 0.003, a MAPE of 3.91%, and a coefficient of determination (R 2 ) of 0.96. The other models have higher error values (RMSE and MAPE): GOST (0.005, 13.04%), GOMST (0.007, 6.86%), and SLCT (0.008, 10.06%). Although GOST has a maximum MAPE, it is highly correlated with the DART simulations because it overestimates red reflectance in all conditions. In contrast to the red band, the model discrepancies in the NIR band are significant due to the different multiple scattering schemes. The GOSAILT simulations are closer to the DART simulations than the other models with an RMSE of 0.019 (3.94%) and an R 2 of 0.78. GOMST is less correlated with DART with an RMSE of 0.021 (6.02%) and an R 2 of 0.39. The low R 2 in SLCT is mainly attributed to the moderate effects on its underestimations at large view zenith angles and overestimations near the hotspot direction. GOST appears to have the lowest correlations with DART in our simulations.
Diffuse SKYL is another key aspect that controls the retrieval of canopy biophysical variables from shaded slopes. Fig. 11 exhibits the canopy HDRF comparisons over a steep slope (60°) under three cloudy sky conditions. As the proportion of diffuse SKYL increases from 0.4 to 1.0, the canopy HDRF value near the hotspot direction is reduced, which leads to a smoother reflectance shape. Aside from the overestimations in the forward-scattering direction, GOSAILT adequately characterizes the canopy HDRF shapes. Over a shaded slope [see Fig. 11 (c) and (f)], compared with the DART simulations, GOSAILT has small absolute (relative) bias values of 0.006 (8.11%) and 0.053 (14.06%) in the red and NIR bands, respectively. Although having the same component reflectance formula for diffuse SKYL as GOSAILT, SLCT underestimates the red canopy HDRF but overestimates the NIR canopy HDRF because it neglects the geotropic growth of trees.
C. Topographic Effects on Forest Reflectance in Hemispheric Space
The 2π distributions of the GOSAILT-simulated red and NIR BRFs of sparse forest over three northern slopes (see Fig. 6 ) are shown in Fig. 12 . The red curves represent the BRFs along the PP. Similar to part A in Section IV, the BRFs under the horizon and those obscured in the view direction are not presented. Consequently, the maximum radii in the polar coordinate tend to narrow as the slope increases. The canopy reflectance reaches a local peak in the hotspot direction regardless of the slope. As the slope increases, the magnitude of the hotspot reflectance increases in the red band and decreases in the NIR band. This result occurs because the K G increases and K C decreases with the slope (see Fig. 5 ). Because the ratio of the leaf diameter and the effective height to the crown center over the slope coordinates decreases with the slope, the width of the hotspot reflectance increases with the slope. It is noted that the red reflectance pattern over a steeply sloped surface [see Fig. 12(c) ] remains similar to that over a horizontal surface, where the reflectances in the backward-scattering direction are higher than those in the forward-scattering direction. In contrast, NIR reflectance [see Fig. 12(f) ] shows an inverse trend, such that the reflectances in the backwardscattering direction are lower than those in the forwardscattering direction.
As shown in Fig. 13 , compared with the slope, the effects of aspect on the canopy BRFs appear more pronounced. The distinct BRF patterns along the PP occur at three different slope orientations (western, southern, and eastern). The nonzero numbers decrease in the order of western, southern, and eastern slopes. The southern slope [see Fig. 13(e) ] has a large local solar zenith angle with a significant mutual shadowing effect in the backward-scattering direction, which leads to a large NIR reflectance.
D. Comparison of Modeled Reflectances With WIDAS Observations Over Sloped Surfaces
As shown in Fig. 14 , the model-simulated reflectances are compared with the WIDAS observations. As slopes A and B have similar orientations, their canopy BRFs show similar shape patterns. SLCT and GOMST underestimate canopy reflectance in the red band on slopes B, C, and D. Compared with the red reflectance, the model-simulated NIR reflectances show more variations. For example, SLCT overestimates the reflectance from slope B but underestimates the reflectance from slope D. This difference is because the diffuse irradiances reflected from adjacent slopes are neglected, and fixed crown shapes are used. Nevertheless, GOST-and GOSAILT-simulated canopy reflectances are more similar to the WIDAS observations than the SLCT and GOMST simulations, which indicates that the geotropic growth of trees plays an important role in canopy reflectance simulation over rugged terrain. Fig. 15 shows the scatterplots between the model-simulated reflectances and the WIDAS observations. The statistical results are shown in Table IV . For the red band, all canopy reflectance models have reasonable results with R 2 value larger than 0.74. For the NIR band, the model simulations appear to be less correlated with the WIDAS observations. Overall, the GOSAILT results are much closer to the WIDAS observations than the other model results and have the smallest RMSE and MAPE, which is followed by GOST, SLCT, and GOMST. These comparisons further confirm the ability of GOSAILT to simulate the canopy reflectance over a sloped surface. 
V. DISCUSSION
In this paper, GOSAILT is used to resolve the effects of the geotropic growth of trees and diffuse SKYL in canopy reflectance simulations over sloped surfaces. It shows good performance in the estimations of component areal proportions (Fig. 5 ) and canopy reflectance (Fig. 6 ) estimations for a complex 3-D discrete forest. As a physical canopy reflectance model, GOSAILT might provide valuable references for the validation of terrain correction algorithms [3] . In addition, similar to GOMS, GOSAILT can be simplified to the GO surface scattering kernel with topographic effects, which is promising for the retrieval of surface albedo [37] and the directional effect normalization of terrestrial sun-induced chlorophyll fluorescence over mountainous areas [38] .
However, large uncertainties still occur in GOSAILT, such as overestimation at large zenith in the forward-scattering direction (Fig. 8) , particularly for dense vegetation cover (Fig. 9) . This overestimation occurs because in the calculation of component areal proportions, GOSAILT neglects the within-canopy gaps and its mutual shadowing factor is roughly approximated. The applications of GOSAILT might also be limited by some assumptions, such as the spheroidal crown shape implication in GOSAILT. This assumption is inherited from GOMS. In fact, realistic crowns exhibit different 3-D geometric shapes according to the geometric characteristics of the tree species. For example, conifer tree crown is usually modeled as a cone (see [39] ), a cylinder, an ellipsoidal [26] , or a cone + a cylinder (see [40] ). It has been reported that the crown shape has significant effects on canopy reflectance simulations of forest stands (see [41] ). For a specific LAI and canopy closure of the scene, the canopy reflectance from a cylinder tree crown is largest, followed by cone + cylinder, ellipsoidal, and cone tree crowns. These reasons partially explain the uncertainties in the comparisons with the WIDAS observations since different canopy reflectance models are suitable for different tree shapes. In addition, the contributions from the woody elements concentrated in the lower part of the canopy are usually anisotropic [42] , particularly for boreal, subboreal, and temperate forests that have understories consisting of several sublayers (dwarf shrub, mosses, litter, and bare soil). Therefore, the isotropic background in GOSAILT might lead to significant uncertainties when it is applied to forest canopies with anisotropic backgrounds. The physical soil BRF (e.g., Hapke) model [43] or the semiempirical, kernel-driven BRF (e.g., RossThick-LiSparse-Reciprocal) model [44] is expected to address this issue.
GOSAILT neglects the diffuse irradiance reflected from adjacent slopes. However, it was revealed that a 30% overestimation in reflectance will occur for snow-covered targets over rugged terrain, even if the first-order scattering between the target slope and adjacent slopes was considered [45] . In addition, the anisotropic diffuse illumination and multiple scattering between the surface and atmosphere were also neglected, which might lead to a relative bias of 10% for surface albedo estimations under extremely turbid atmospheres and over strongly anisotropic surfaces [46] . Therefore, a physical framework of radiative scattering processes between the atmosphere and surface (e.g., the four-stream RT theory) is expected to extend GOSAILT for use over rugged terrain under realistic atmospheric conditions. Currently, GOSAILT focuses on a target surface with one specific slope and orientation. However, remote sensors usually have IFOVs with several degrees that can be resolved into several subpixel-scale topographic features (e.g., 500 m MODIS), especially when highresolution DEMs are used (e.g., 30 m ASTER GDEM). Under this circumstance, the subpixel-topographic effects (subslope, subaspect, amount of shadow, and masking) dominate the canopy reflectance compared with the pixel-scale topographic effects [5] . Therefore, a subtopographic factor is suggested to modify the canopy reflectance simulated by GOSAILT. In this case, accurate DEM or DOM data sets are required to characterize the direct and diffuse irradiances over sunlit and shaded slopes, respectively. DOMs are expected to provide more accurate irradiance estimations than smoothed DEMs since DOMs consider complex canopy geometry, especially for high-resolution imagery and complex terrain [47] .
For model validation, 3-D ray-tracing DART simulations and airborne WIDAS observations were used. However, a comprehensive validation of GOSAILT remains a great challenge because in situ multiangular reflectance observations for discrete forest over rugged terrains are extremely limited considering the difficulties in directly installing the portable multiangle observation systems over sloped surfaces. Therefore, technology for medium-resolution multiangular measurements of forest canopy over a sloped surface needs to be developed although various tower-mounted automated multiangular hyperspectral systems [48] , airborne measurements [49] , [50] , and UAV technology [51] have been successfully used to observe canopy reflectance over horizontal surfaces.
VI. CONCLUSION
In this paper, the GOSAILT model is proposed, which is a hybrid of the GOMS/SAIL model that is coupled with topography, the geotropic nature of tree growth, multiple scattering schemes, and diffuse SKYL. Compared with the 3-D DART simulations and the airborne WIDAS multiangular observations, GOSAILT exhibits good performance in canopy reflectance simulations over a sloped surface. The following two conclusions can be drawn from this paper.
First, the modeled canopy reflectance is affected by the topography with maximum variations of 0.048 (79.60%) and 0.056 (12.02%) on a steep 60°slope for the red and NIR bands, respectively. The effects of slope and aspect on the local geometry and crown shadow are the primary reasons for these variations. The models that acknowledge the geotropic nature of tree growth appear to be superior to those that simply normalize the solar-terrain-sensor geometry. Taking the diffuse SKYL into account seems to reduce the canopy reflectance shapes, especially for shaded slopes filled with only diffuse irradiance.
Second, as the synthesis of GOMS and SAIL, the GOSAILT model inherits their strengths to characterize the topographic effect on forest canopy reflectance. The comparisons with 3-D DART simulations and WIDAS airborne multiangular observations indicate that GOSAILT can adequately capture the forest canopy reflectance over a sloped surface well with RMSE (R 2 , MAPE) values of 0.003 (0.96, 3.91%) and 0.019 (0.78, 3.94%) in the red and NIR bands, respectively.
APPENDIX GOMS MODEL
In GOMS [6] , [19] , the canopy crowns on a sloped surface are modeled as several elongated spheroids with a vertical half axis equal to b and a horizontal radius equal to r [see Fig. 1(a) ]. Based on the vertical axis z, a new vertical axis z = (r/b)z was defined. Then, the ellipsoidal spheroids are replaced with several spheres that cast the same shadows [see Fig. 1(b) ]. Therefore, the solar (sensor) zenith angle θ s (θ v ), the slope α, and the mean height to crown center h are transformed as 
where the double prime (i.e., θ and ϕ ) angles are the angles over the slope coordinates, and ϕ and ϕ are the relative azimuth angles between the sun (sensor) and the slope over the horizontal and the slope coordinates, respectively. According to the Boolean theory, the areal proportion of the sunlit background K G is given as [19] , [25] K G = exp(−λ πr 2 
where b is the transformed vertical half axis equal to r and D is the angular distance between the centers of the projected ellipses on the background. The areal proportions of the sunlit (K G ) and the shaded (K Z ) background can be analytically solved by (5) and (A5)-(A8). To solve the areal proportions of the sunlit (K C ) and the shaded (K T ) crown in (4), a mutual shadowing factor F was proposed to link K C and K G
The derivation of F is discussed in a previous study [6] for details. Finally, K C and K T are solved by (4) and (A9). His research interests include the bidirectional reflectance distribution function/albedo modeling and retrieval in rugged terrain, digital elevation model, and net radiation estimation. She is currently an Assistant Researcher with the Institute of Remote Sensing and Digital Earth, Chinese Academy of Sciences. Her research interests include the modeling and retrieving of bidirectional reflectance distribution function and albedo and the synergistic application of multisensory data.
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